Abstract: Phosphorylation of CheY promotes association with the flagellar motor and ultimately controls the directional bias of the motor. However, biochemical studies of activated CheYphosphate have been challenging due to the rapid hydrolysis of the aspartyl-phosphate in vitro. An inert analog of Tm CheY-phosphate, phosphono-CheY, was synthesized by chemical modification and purified by cation-exchange chromatography. Changes in HPLC retention times, chemical assays for phosphate and free thiol, and mass spectrometry experiments demonstrate modification of Cys54 with a phosphonomethyl group. Additionally, a crystal structure showed electron density for the phosphonomethyl group at Cys54, consistent with a modification at that position. Subsequent biochemical experiments confirmed that protein crystals were phosphono-CheY. Isothermal titration calorimetry and fluorescence polarization binding assays demonstrated that phosphonoCheY bound a peptide derived from FliM, a native partner of CheY-phosphate, with a dissociation constant of~29 mM, at least sixfold more tightly than unmodified CheY. Taken together these results suggest that Tm phosphono-CheY is a useful and unique analog of Tm CheY-phosphate.
Introduction
Bacterial chemotaxis is the movement of bacteria by means of runs (smooth swimming) interspersed with tumbles (random reorientations) in response to temporal changes in their environment. By decreasing the frequency of tumbles when the environment is improving, bacteria perform a biased random walk toward an attractant or away from a repellant. A great deal is known; 1,2 however, several aspects of how bacteria achieve this have remained elusive. A better understanding of chemotaxis should lead to additional insights into bacterial pathogenicity. 3 Two-component systems, consisting of a histidine kinase and a response regulator, are ubiquitous in chemotaxis. In response to extracellular signals, the histidine kinase CheA is autophosphorylated, which subsequently phosphorylates the response regulator CheY. A change in the concentration of CheY-P alters the rotational bias of the flagellar rotor and thus influences frequency of tumbling. Thus, maintaining the optimal concentration of CheY-P is essential for response and adaptation of the cell. The particular impact of CheY-P is not uniform in all organisms. For example, in the absence of functional CheY, B. subtilis exhibits a tumbling phenotype, but the opposite is true for Ec. 4 CheY interactions with the flagellar motor are localized to the C ring which consists of multiple copies of FliG, FliM, and FliN. FliG and FliM each have three domains, namely N-terminal (N), middle (M), and C-terminal (C). Positioned at the bottom of the C ring, FliN is thought to play a support role in assembly and potentially switching. Some species, including Tm, possess a different switch complex component, FliY. FliY contains a C-terminal domain that is homologous to FliN and two additional components, a CheY-P binding sequence and a phosphatase domain. 5 Located in the middle of the C ring, FliM binds CheY-P. Positioned at the top of the C ring, FliG forms the interface with the stator and is critical for generation of torque. 6, 7 How CheY-P alters the bias of the motor is not completely understood. 8 A crystal structure of BeF 3 -CheY, a stable phosphoryl analog bound to a portion of FliM N from Tm, shows that a conformational change in CheY accompanies binding of this peptide, one that is similar to the analogous situation in Ec. 9 Additionally, NMR evidence indicates that Tm CheY binds to FliM M in a manner that is mutually exclusive with the binding of FliM M to the isolated FliG C domain. 6 In Ec,
CheY-P also interacts with FliN. 10 Structural studies on inactive and active Ec CheY alone or in complex with FliM have begun to provide a picture of the mechanism of activation.
The activation of Ec CheY is thought to occur by the Y-T (in Tm, F-S) coupling mechanism, in which phosphorylation drives a conformational change that includes a rotation of the aromatic residue (Tyr106 or Phe101) from being solvent-exposed to buried. Additionally, several authors have used the pseudodihedral angle defined by the positions of Ca atom of residues 87-90 (in Ec) to gauge the motion of the b4-a4 loop. 11 For an inactive orientation of the loop, the pseudodihedral angle has a value of 208 and an active conformation of the loop has a value of 1008.
12
FliM M binds the phosphorylated form of CheY via a region that is distinct from the b4-a4 loop. 6 Structural studies of proteins interacting with CheY-P are hampered by its short lifetime; besides the action of extrinsic phosphatases, there is also the intrinsic phosphatase activity of CheY itself. 13 In this work we describe the synthesis and characterization of a nonhydrolyzable analog of CheY-P in Tm, phosphono-CheY (CheY-pP), that is similar to an analog synthesized for Ec.
14 In a published report,
we described the effect of this inert analog of Tm CheY-P on the complex between FliM and FliG using pulsed dipolar electron spin resonance spectroscopy (PDS). 5 Given the structural and biochemical information now available for Tm rotor and stator proteins, an inert analog of CheY-P will serve as a valuable tool to understand the mechanism of switching. 6 
Results

Production of CheY-pP
This study utilized a variant of Tm CheY (D54C/ C81A) capable of undergoing a site-specific phosponomethylation reaction at Cys54. DTNB assays indicated that the ratio of free thiol groups to protein decreased by a variable amount after the reaction. RP-HPLC of reacted protein provided a second peak with a retention time roughly 20 min earlier than CheY (Fig. 1 
Structure of Thermotoga maritima CheY-pP
A structure of Tm CheY-pP in the presence of Sc(III) was determined to 1.6 Å resolution (Table I) . CheYpP shares high structural similarity to previously reported structures of Tm CheY as the flavodoxinlike fold of CheY is retained. Refinement of the structure demonstrated that additional electron density extending beyond the sulfur atom of Cys54 exists in two locations approximately 1208 apart from one another (Fig. 3 ). As this electron density was not continuous, it is presumed that the phosphonomethyl group exhibits a high degree of flexibility. The ACH 2 moiety can be assigned with certainty in each of the two locations, however the specific orientation of the PO 2-3 is uncertain. To account for positive electron density in two locations adjacent to the ACH 2 moiety, the modification was modeled in two orientations, indicating two unique rotamers as shown. To verify that the phosphonomethyl group remained intact after exposure to an X-ray beam, LC-MS of protein crystals demonstrated that the crystallized protein was CheY-pP ( Fig. 4 , Supporting Information Material).
Binding of FliM peptide and metal ions
Isothermal titration calorimetry (ITC) and fluorescence polarization (FP) were used to monitor the binding of D54C/C81A CheY-pP to the N-terminal 17-amino acid residues of FliM (Table II) . Both assays found that the FliM N peptide bound to Tm CheY-pP with similar affinity as had been previously reported in comparable Ec systems (K d of 29.2 6 0.5 and 29 6 7 mM for ITC and FP, respectively). The data were fit assuming a 1:1 stoichiometry of binding. No binding was detected between the peptide and unalkylated D54C/C81A CheY in ITC ; red contours at 23r) depicting the modified Cys54 in one of two modeled conformations. The phosphonomethylated Cys54 residue is omitted from Fc in both maps. In one conformation, the phosphonomethyl group interacts with the amino-containing side chain of Gln86; in the other the phosphonomethyl group is positioned 3.2 Å from Lys104, forming an important ionic interaction (not shown in this depiction). experiments; sevenfold weaker binding was detected between the peptide and D54C/C81A CheY versus CheY-pP in FP experiments (Fig. 4) . ITC data for the binding of metal ions were also fit to a 1:1 model. Mg(II) bound with a K d of 10 6 1.5 mM, similar to its affinity for Ec CheY-pP. 15 Sc(III) bound with a K d of 15 6 0.5 mM, again similar to its affinity for Ec CheY, despite the difference in one of the ligands. 16 
Discussion
We have synthesized, purified, and characterized an analog of Tm CheY-P, phosphono-CheY (CheY-pP), suitable for further structural characterizations. In pulsed dipolar ESR spectroscopy experiments that were previously published, the presence of Tm CheY-pP caused dramatic changes in the formation and/or orientation of the FliM M -FliG MC complex. 5 The phosphonomethyl group exhibits considerable disorder, and the overall structure shows little conformational change from inactive CheY. We have shown that it binds to the FliM N peptide with similar affinity to the analogous interactions in Ec, suggesting that the analog mimics this property of CheY-P.
Synthesis and purification of CheY-pP
We primarily used two sets of solution conditions in the phosphonomethylation reaction: pH 8.25 in the presence of Ca(II) and pH 7 in the presence of La(III). Both sets of conditions gave similar results, typically producing a mixture of modified and unmodified protein and some loss of protein, typically at least 20%. CheY-pP was separated from CheY by CEX-HPLC, although loss of protein was also observed at this step. Notably, the conditions for synthesis and the purification of CheY-pP are vast departures from those previously developed for Ec CheY-pP. 14 Therefore, the synthesis of future phosphonomethylated proteins may necessitate novel alkylation conditions and purification strategies.
Characterization of CheY-pP
The decrease in retention times in both RP-HPLC and CEX-HPLC are both consistent with a covalent modification that adds negative charge. The mass spectrum of CheY-pP is consistent with the addition of one phosphonomethyl group (Fig. 2) . 31 P-NMR and total phosphate assays of CheY-pP indicated the presence of a phosphonomethyl group covalently attached to the protein. Taken as a whole, these data support the hypothesis that Cys54 was modified by the addition of a phosphonomethyl group.
Conformational states of the phosphonomethyl group
When residue 54 is modeled with a cysteine, electron density not explained by the model extends beyond the sulfur atom in two distinct orientations (Fig. 3) . A similar, although less dramatic, degree of disorder of the phosphonomethyl side chain was observed in structures of Ec CheY-pP, which were crystallized in the presence of monovalent cations. 17 It is thought that the phosphonomethyl group is relatively disordered in Tm CheY-pP and that the presence of the isosteric ions Mg(II) or Sc(III) do not ensure that the phosphonomethylaton at Cys54 will be ordered, even when they are present at concentrations above their respective K d values. While these two conformational states exist in the absence of FliM peptide, it is unknown which rotamer is the relevant conformer in the presence of FliM. The conformations of the phosphonomethyl group in Tm CheY-pP exhibit similarities to Ec CheY-pP. In Ec CheY-pP the ammonium group of Lys109 is 3 Å from one oxygen atom of the phosphoryl group, and the carboxylate group of Asp12 also forms a close contact with another oxygen, presumably mediated by a hydrogen atom. 18 The phosphonomethyl group in Ec T87I CheY-pP exists in two conformations, one of which has a contact with Lys109 of 3 Å and the other conformation has contact with Lys109 of 3.5 Å . 17 In one conformation of Tm CheY-pP, Lys104 and Asp10 make analogous contacts with the phosphonomethyl group to those seen in Ec CheY-pP. The other conformation of Tm CheY-pP exhibits a bidentate interaction of the phosphonomethyl oxygen atoms with the side-chain of Gln86.
Binding of CheY-pP to FliM N peptide
The affinity of the FliM N peptide for Tm CheY-pP was found to be similar to the analogous interaction in Ec, and the two techniques (ITC and FP) gave similar dissociation constants (Table II) . 17 Tm CheYpP bound the FliM N peptide with a sevenfold tighter affinity than unmodified Tm CheY (29 6 7 mM CheY-pP is more potent at binding FliM N compared to the non-activated form (Table II) . We hypothesize that phosphorylation itself might not bring about a conformational change in the protein but rather a conformational change in CheY-pP might occur upon binding to FliM N . Furthermore, because T. martima lives at >808C, conformational changes induced by the phosphomethyl group may be supressed at lower temperatures in the free protein. It is possible that the BeF -3 modification stabilizes the activated form to an unusual extent, which would be consistent with its extremely high affinity for the FliM N peptide (Table II) . PDS experiments with spin labels on FliM:FliM interface indicate that interaction of purified Tm CheY-pP alters the interface in purified higher order FliM:FliG complexes. 5 Indeed, previous studies have identified clockwise and counterclockwise biased mutants located along the FliM:FliM interface, thus switching of the rotor might result in the destabilization of the interface. 24 The PDS data suggests that CheY-pP has additional effects upon FliM beyond simply binding to the FliM N domain which might indicate the onset of switching in signal transduction.
Materials and Methods
Materials
Peptides derived from N-terminal FliM (Fluorescein-MSDVLSQEEINQLIEAL and unlabeled MSDVLS QEEINQLIEAL) were purchased from Genscript (Piscataway, NJ 08854). One sample of unlabeled peptide was a gift from Michael Ogawa. Reagents were analytical grade. All CEX-HPLC columns used were purchased from PolyLC (Bethesda, MD). Phosphonomethyltrifluoromethanesulfonate was synthesized as previously described. 14 
Expression and purification of Tm CheY mutants
Tm D54C/C81A CheY was recombinantly expressed in Ec BE 834 (DE3) cells. This mutant plasmid was generated using site-directed mutagenesis. Additional details on the expression and purification of unmodified CheY are available in the Supporting Information.
Production of CheY-pP
A typical phosphonomethylation procedure was performed as follows. 2 mM dithiothreitol was incubated with CheY for upwards of 45 min prior to buffer exchange into alkylation buffer I or II. (Alkylation buffer I was either 125 mM BES/125 mM CHES or 125 mM AMPSO/125 mM MOPS, pH 8.25. Alkylation buffer II was 125 mM BES/125 mM MES, pH 7.0.) The amount of protein was then measured using a molar absorptivity of 2560 M 21 cm 21 at
A 280 . The concentration of free thiol groups was estimated by allowing a reaction with DTNB to proceed for 40-50 min. 14 Samples of CheY with less than 60% free thiol were treated with DTT, incubated, and subjected to buffer exchange a second time. Two sets of conditions were commonly used for the alkylation. Just prior to the start of the alkylation, either 125 mM Ca(II) was added to CheY in buffer I, or 50 mM La(III) was added to CheY in buffer II. In a separate tube, phosphonomethyltrifluoromethanesulfonate (PMT) was weighed to produce a final concentration of 120 mM. 14 Three equivalents of chilled, distilled triethylamine (TEA), and chilled anhydrous ethanol (0.5 vol. relative to TEA) were then added to the PMT. The protein solution was quickly mixed into the PMT solution. After 45 min, 2 mM DTT, and excess EDTA were added to quench the reaction. The reaction mixture was buffer exchanged into mobile phase A for CEX-HPLC using a Sephadex PD-10 column. Analytical RP-HPLC utilized a 2.1 3 250 mm Vydac C18 column with a pore size of 300 Å . Mobile phase A was 5% aqueous acetonitrile with 0.1% trifluoroacetic acid (TFA) (v:v); mobile phase B was 80% aqueous acetonitrile with 0.08% TFA. A typical gradient was 47.5% mobile phase B increasing to 55.3% mobile phase B over 55 min at flow rate of 0.2 mL/ min. Samples showing substantial conversion to the phosphonomethylated form by RP-HPLC and by thiol assay with DTNB were then purified by preparative CEX-HPLC on a 9.4 3 200 mm PolyCAT A column with a pore size of either 1000 or 300 Å . A variety of gradients were used. A typical purification of D54C/ C81S CheY-pP involved 50 mM sodium acetate pH 5.3 and a gradient of 0-90 mM NaCl over 50 min (Gradient I). A typical purification of D54C/C81A CheY-pP involved 50 mM lithium acetate pH 5.50 and a gradient from 45 to 100 mM LiCl over 45 min (Gradient II).
Characterization of CheY-pP
An electrospray ionization quadrupole/time-of-flight mass spectrometer (Micromass) was used to obtain masses of D54C/C81A CheY and D54C/C81A CheYpP, which was previously buffer exchanged into 50 mM ammonium bicarbonate using Penefsky columns. Samples of CheY-pP and unmodified CheY were digested using high-purity trypsin to generate peptide fragementations for analysis by collisoninduced MS/MS. 31 P-NMR of purified CheY-pP (0.6-1.0 mM) in 20 mM MOPS, pH 7.0, 100 mM EDTA, 10% D 2 O was performed using Bruker 400 and 600 MHz instruments at room temperature. Control experiments of unalkylated CheY were also performed in the same manner.
Crystallization of CheY-pP
Samples of CheY-pP in 10 mM triethanolamine pH 8.0, 25 mM NaCl, 1 mM EDTA, and 1 mM NaN 3 were concentrated to 7-18 mg/mL. Crystals were grown using the hanging drop vapor diffusion method at room temperature for a minimum of 7 days. The majority of tested conditions used polyethyleneglycols (PEGs) with average molecular weights between 3000 and 15,000 and with ammonium sulfate, sodium malonate, isopropanol, or 2,4-methylpentanediol. For experiments using MgCl 2, the pH was maintained at 6.0-8.0. For experiments using Sc(ClO 4 ) 3, the pH was maintained at 4.0-6.0. The structure was determined from a protein crystal obtained in 100 mM acetate pH 5.5, 350 mM Sc(ClO 4 ) 3 , 0.02% sodium azide, 150 mM sodium malonate, 19% PEG 6000.
Data collection, structure determination, and refinement
Crystallographic data were collected at Cornell High Energy Synchrotron Source station A1 using the ADSC Quantum 210 CCD. Crystals were briefly soaked in 10-20% glycerol and frozen in a stream of cold nitrogen. Data sets were scaled by HKL2000. Structure were obtained using PHENIX AutoMR with PDB entry 2TMY as a search model for molecular replacement. The structure was refined using autorefine in PHENIX and deposited into the PDB (4QYW).
Binding studies
Isothermal titration calorimetry was performed at 258C using a NanoITC (TA Instruments) and data were analyzed using NanoAnalyze software. (Fig. 4) . Additionally, experiments that utilized CheY in place of CheY-pP were performed. Assays were done in triplicate with a final sample volume of 20 mL in a low volume, nonbinding, black, 384-well plate (Corning), and read using a Tecan Genios Pro plate reader with polarized excitation at 485 nm and emission intensity measured through parallel and perpendicularly polarized 535 nm filters. FliM N peptide labeled with fluorescein isothiocyanate (FITC) was diluted in 50 mM MOPS pH 7.2, 20 mM MgCl 2 to a concentration of 25 nM. A 10 mL-aliquot of this peptide solution was added to a series of varying CheY-pP concentrations in the same buffer. The samples were incubated for 30 min at room temperature before the degree of fluorescence polarization was measured. The observed polarization values as a function of CheY-pP were fit to a binding isotherm that accounts for ligand depletion (assuming a 1:1 binding model of peptide to CheY-pP), in order to obtain an apparent equilibrium dissociation constant. Data analysis was performed using GraphPad Prism 5 software.
Supporting Information Material
The supporting information material provides supplementary methodology to describe the expression and purification of unmodified CheY as well as representative HPLC chromatograms of CheY-pP production and purifications. Additionally, the supplemental material provides experimental detail and data regarding 31 P-NMR experiments performed on CheY-pP, mass spectrometry experiments performed on CheY-pP crystals and the pseudodihedral angles in the a4-b4 loop of Tm CheY-pP and related structures.
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The atomic coordinates of the CheY-pP structure have been deposited to the Protein Data Bank with the accession code 4QYW.
